By analysing a genomic DNA clone derived from the human T cell lymphotropic virus type 1 (HTLV-1)-infected cell line, TL-Su, we found that an integrated HTLV-1 provirus interrupted the poly(A) signal-containing exon of a novel gene, RY-1. Nucleotide sequence analysis of a cDNA derived from Jurkat cells revealed that the normal RY-1 mRNA could encode a novel protein that has an unique primary structure, suggesting that a nucleic acid binding property was involved. Proviral integration led to an accumulation of aberrant RY-1 mRNA species in the cells. All the aberrant RY-1 cDNAs derived from TL-Su cells terminated at the poly(A) site of the R region of the HTLV-1 long terminal repeat and initiated in the intron, approx. 800 bp upstream from the putative second exon. Furthermore, another intron, downstream from this position, remained unspliced in some of the cDNAs. In addition to the activation by the integrated viral elements of cryptic promoters located upstream, mechanisms involving altered rates of degradation or transport from the nucleus to the cytoplasm of intron-containing RNA were suggested.
Introduction
Human T cell lymphotropic virus type 1 (HTLV-1), a retrovirus, is closely associated with the pathogenesis of adult T cell leukaemia (ATL) (Poiesz et al., 1980; Hinuma et al., 1981) . A trans-acting factor, Tax, encoded by the doubly-spliced transcript of HTLV-1 has been implicated in the process of leukaemogenesis (Tanaka et al., 1990) . Tax trans-activates not only the transcription of the viral genome (Fujisawa et al., 1985) but also the expression of cellular growth-related genes including interleukin-2 (IL2)-receptor (Maruyama et al., 1987; Siekevitz et al., 1987) , c-fos (Fujii et al., 1988; Nagata et al., 1989) and granulocyte-macrophage colonystimulating factor (GM-CSF) (Miyatake et al., 1988) . The trans-activation of cellular genes is considered to play an important role in the abnormal polyclonal proliferation of infected T cells. However, the leukaemic cells of ATL are monoclonal and originate from a single infected T cell . Involvement of additional genetic events including alterations of cellular oncogenes or anti-oncogenes could explain the mono-
The nucleotide sequence of 2RY-lb reported in this paper has been deposited in the EMBL database under the accession number X76302.
0001-2522 © 1994 SGM clonal expansion of leukaemic cells. Recently, monoclonal proliferation of infected cells in non-ATL carriers was demonstrated (Furukawa et al., 1992; Ikeda et al., 1993) . In particular, it has been detected as highly prevalent in patients with HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP), chronic progressive myelopathy and those with extremely high levels of the HTLV-1 viral load (Furukawa et al., 1992) . High frequency of monoclonal expansion of HTLV-l-infected cells in vivo strongly suggests that an infected cell can acquire a growth advantage by relatively frequent alterations in its genetic constitution. Since integration sites of HTLV-1 in leukaemic cells appeared to be randomly located in different ATL cases, it is considered unlikely that any alteration in a particular gene arising from provirus integration is directly involved in the leukaemogenesis of ATL . However, it is possible that the site of proviral integration and the subsequent mutagenic effect of this on a flanking cellular gene could influence the growth characteristics of an infected cell, even if it did not cause the malignant transformation directly. In contrast to animal retroviruses, little information regarding the mutagenic effect of integrated HTLV-1 is currently available. This prompted us to study the expression of host genes adjacent to the HTLV-1 provirus in infected cells. In this report, we demonstrate a unique modification of host-gene expression, presumably at the levels of both transcriptional initiation and post-transcriptional processing, by an integrated provirus in an HTLV-l-infected cell line, TL-Su.
Methods
Cells. TL-Su is a permanently growing T cell line established from a seropositive HTLV-1 carrier that possesses several copies of the HTLV-1 provirus (Sugamura et al., 1984) . Other HTLV-1-infected cell lines that were used include MT2, MT4 and TL-Oml. The uninfected human cell lines that were used were CEM, Jurkat, Molt4 (T cell lymphoblastic cells), FLEB12-3-4 (B cell lymphoblastoid cell) (Katamine et al., 1984) , U937 (monocytoid cell), and T24 (bladder carcinoma cell). Non-human cells were obtained from spleen tissues of rabbits and mice.
Isolation of TL-Su cell-derived genomic DNA containing the HTL V-1 provirus. High M r DNA was isolated from TL-Su cells and was completely digested with EcoRI. The fractions of digested DNA containing 9 to 20 kb-DNA fragments were ligated to the arms of EMBL-4 phage DNA and were subjected to in vitro packaging. Approx. 5 × 105 plaques were screened using hybridization with a pATK probe, a 2.3 kb fragment derived from the pol region of a cloned HTLV-1 genome, 2ATK-1 (Seiki et al., 1983) , labelled with [~-3~P]dCTP by the multi-prime labelling system (Amersham).
Northern blotting. Total cellular RNA was isolated by homogenization in 4 M-guanidium thiocyanate followed by centrifugation in caesium chloride. Poly(A)-containing (poly-A +) RNA was purified by two cycles of selection through an oligo(dT)-cellulose column (Pharmacia). Denatured total (10 lag) and poly-A ÷ (1 lag) RNA were separated in a 1% agarose gel in the presence of 22 M-formaldehyde, and were transferred to a nylon membrane (Hybond N; Amersham). Hybridization was performed at 37 °C for 24 h in a mixture containing 50% formamide, 3 × SSPE (1 x SSPE: 100 m/~-sodium phosphate, pH 7.0, and 150 mM-NaC1), 10% dextran sulphate, 1% SDS, 0"5% skimmed milk, 0.2 mg/ml of yeast RNA and 6~P-labelled DNA probe (2 × 106 c.p.m./ml). After washing with 0.1 × SSC (1 x SSC: 15 mMsodium citrate, pH 7.0, and 150 mM-NaC1) containing 0.1% SDS at 42 °C, the blot was exposed at -80 °C.
Construction and screening of eDNA libraries. The ~.gtl0 eDNA libraries of Jurkat and TL-Su cells were constructed using a commercial eDNA synthesis kit (Pharmacia). In order to isolate RY-1 cDNAs, approx. 5 × 105 plaques of each library were screened by hybridization with the ~2P-labelled p255M-02 probe, a 0.7 kb EcoRI-HpaI fragment of the 5' end cellular flanking region of ,~255M.
RNase protection assay. The probe used in the assay was derived from the eDNA clone, 2TL15. The sequence at the 3' end of the eDNA was removed by exonuclease digestion and the resulting eDNA insert was subcloned into the RNA expression vector, pBluescript. Negative sense RNA synthesized and labelled with [ct-6zP]UTP using T7 polymerase was used as a hybridization probe. Total RNA (40 lag) was mixed with the probe (5 × 105 c.p.m.) in 30 lal of a hybridization buffer containing 80% formamide, 40 mM-PIPES buffer, pH 6.4, 1 mM-EDTA, and 400 mM-NaCI. Hybridization was carried out at 45 °C for 16h. Unhybridized ssRNA was then digested with RNase A (40 mg/ml) and RNase T1 (2 mg/ml) at 30 °C for 30 min. Undigested RNA fragments were analysed by electrophoresis on a 6 % acrylamide gel containing 8 M-urea.
Nucleotide sequence analysis. The cDNAs were sequenced by the dideoxynucleotide chain termination method (Sanger et al., 1977) .
Results

Integration of HTLV-1 at a transcriptionally active site, R Y-l, in TL-Su cells
By screening a genomic DNA library of TL-Su cell line we isolated a single clone, 2255M, containing the HTLV-1 proviral sequence. The size of the insert was approximately 16 kb which covered almost the entire length of the HTLV-1 genome but the insert lacked a region that was 1 kb in length which contained gag-pol. In addition, 2255M contained 0'9 and 7"0 kb cellular DNA sequences that flanked the 5' and 3' ends of the provirus, respectively (Fig. 1) . In the 5' end cellular flanking region, we identified consensus sequences for a splice acceptor, (Py)<llNPyAG-G (Tazi et al., 1986) , and a branch point, CTGAT (Keller & Noon, 1984) , located at 370 and 438 bp upstream from the 5' end of the provirus, respectively. This strongly suggested that the cellular flanking region was originally active in transcription and that the 370 bp sequence directly adjacent to the 5' end of the provirus represented a part of an exon. To study this we examined the expression of the putative exon in various human cell lines and in normal spleen cells of rabbits and mice by Northern blotting using the p255M-02 probe, an EcoRI-HpaI 0-7 kb fragment of the 5' end flanking region. As shown in Fig. 2 , a discrete 1-8 kb steady-state transcript was detected in both total and poly-A + RNA from all the human cell lines examined, with the exception of TL-Su. In TL-Su cells, multiple species of mRNAs, with a size range of 1.6 to 3.8 kb, were abundantly expressed. Total expression in TL-Su cells was estimated to be at least 10 times higher than that occurring in other human cells. No hybridization signal was obtained from the RNA of rabbit or murine cells. Southern blot analysis of EcoRI-digested genomic DNA of various cells revealed that the p255M-02 probe hybridized with an 8 kb fragment occurring in all the human cell DNAs. In addition, a rearranged 16 kb fragment was detected in TL-Su DNA, which corresponded to the HTLV-l-integrated allele (data not shown). These findings indicated that HTL¥-1 integrated into the locus of a single-copy cellular gene, designated RY-1, and that the integrated provirus modified the expression of RY-1 mRNA both qualitatively and quantitatively.
Isolation and characterization of a normal R Y-1 eDNA
In order to determine the nature of the RY-1 gene, cDNA (2RY-lb) was isolated from a library prepared using poly-A + RNA derived from a Jurkat cell line that expressed a significant amount of the 1.8kb RY-1 mRNA ( Fig. 2) , by screening with the p255M-02 probe. Nucleotide sequence analysis revealed that the eDNA was 1427 bp in length. We did not observe a highly conserved eukaryotic polyadenylation signal (Berget et al., 1984) but identified a similar sequence, ATTAAA, 12 bp upstream of the poly-A start site, as shown in Fig.  3 . No identical sequence was found in the EMBL and GenBank databases. We identified a single long open reading frame (ORF) which began at the 5' end of the cDNA. A possible translation initiation codon (AUG) was found at nucleotide 22 to 24, although it did not completely conform to Kozak's rule (Kozak, 1987) . This starting position would produce a protein that contains 155 amino acids with a M r of 18 860. The amino-terminal 71 amino acids of the predicted protein are highly rich in arginine (48 %), and serine (24 %) residues, and consist of a long stretch rich in arginine-serine and arginineglutamic acid dipeptides. This unusual amino acid composition has been considered to be indicative of proteins with nucleic acid binding properties (Bingham et al., 1988) .
By comparison with the sequence of 2255M, the 3' end 957 bp sequence of 2RY-lb showed complete identity with the genomic cellular sequence surrounding the provirus. The homology started at the expected splice acceptor site, 370 bp upstream of the 5' end of the provirus, and terminated at 593 bp downstream from the provirus in 2255M. This indicated that the HTLV-1 provirus integrated into the genome of TL-Su cells by interrupting the 957 bp poly(A) signal-containing exon (exon Z) of the RY-1 gene (Fig. 4a) . As a consequence, exon Z was separated into 370 and 593 bp fragments, designated 'Z-I' and 'Z-2', respectively.
Isolation and characterization of modified forms of RY-I cDNA derived from TL-Su cells
In order to analyse structures of the heterogeneous RY-1 mRNAs that are abundantly expressed in TL-Su cells, a cDNA library was constructed and screened with the p255M-02 probe. Eighteen plaques were found to be positive. By restriction mapping and partial nucleotide sequencing, cDNA clones could be classified into three groups. We determined the complete nucleotide sequences of three representative clones with longer inserts, )~TL13, 15 and 16, and these are schematically represented in Fig. 4(b) . The sequence of 2TL13 was identical to that of 2RY-lb lacking any HTLV-1 sequence, suggesting that this clone was derived from an RY-1 mRNA encoded by the unintegrated allele. On the other hand, both 2TL15 and 16 contained the HTLV-1 sequence at their 3' termini. The 3' end, 593 bp, of normal cDNA corresponding to Z-2 was replaced by the 574 bp long terminal repeat (LTR) sequence in 2TL15 and 16, and both were polyadenylated at the consensus termination site located in the R region of LTR (Ahmed et al., 1991) . The LTR sequences of both cDNAs were flanked by 370bp of exon Z (Z-l), replicating the genomic structure of the HTLV-l-integrated allele. A 60 bp sequence of 2TL15 immediately upstream of Z-1 was identical to that (exon Y) of the normal cDNA, 2RY-lb. However, the terminal 795 bp of the 5' end of 2TL15 flanked to exon Y was distinct from the corresponding region (a putative exon X) of 2RY-lb. An inverted Alu repetitive element identified here suggested that the region was derived from the upstream intron. Similarly, 2TL16 initiated from the same intron sequence, 779 bp in length, that was followed by exon Y. However, the 1009 bp sequence was inserted between the sequences of exon Y and Z in 2TL16. The inserted sequence contained the consensus splicing signals at both ends and an EeoRI site at the middle portion. The downstream sequence of the EcoRI site was completely identical to the 5' end of genomic 2255M DNA. This indicated that the intron between exon Y and Z remained unspliced in 2TL16. All the cDNAs derived from the intron-containing RY-1 mRNAs of TL-Su cells started in the intron and lacked the upstream exon X. Northern analysis performed by use of the exon X-specific probe has confirmed the lack of exon X in the aberrant RY-1 mRNAs in vivo (data not shown)~ Our preliminary results of the exon mapping in genomic DNA have indicated that exon X is located at least 5-0 kb apart from exon Y. Structures of the RY-1 genome of TL-Su cells that have been determined so far are described in Fig.  4(a) .
Intron-containing R Y-1 mRNAs are predominantly expressed in TL-Su cells
To confirm the presence of intron-containing RY-1 mRNAs in TL-Su cells, total RNA extracted from TLSu, MT2, another HTLV-l-infected T cell line, and uninfected CEM and Jurkat cell lines were analysed by an RNase protection assay (Fig. 5) . The probe used for the assay was derived from the cDNA clone, 2TL15, and consisted of the upstream intron (330 nucleotides, nt), exon Y (65 nt), and exon Z (120 nt). All the tested RNA protected a triplet band, approx. 185 nt, corresponding to exon Y plus exon Z, and this represented the completely processed normal RY-1 mRNA. In addition, TL-Su RNA gave a fully protected band, 515nt, indicating the presence of mRNA represented by 2TL15. Two other discrete bands protected by TL-Su RNA, 395 and 120 nt in length, corresponded to the upstream intron plus exon Y and the exon Z alone, respectively. These bands were most probably generated by the ,~TL 16-type mRNA, in which the intron between exon Y and exon Z remained unspliced.
Discussion
The significance of insertional mutagenesis by HTLV-1
has not yet been fully determined. Only one report, by Okamoto et al. (1986) previously demonstrated the activation of a long interspersed repeated DNA element (LINE) by the downstream integration of HTLV-1 in the infected T cell line, HUT102. Insertion of a LTR sequence carrying a number of enhancer motifs was considered to contribute to the activation of the upstream genes. In the present study, we have demonstrated accumulation of chimeric mRNAs of a novel RY-1 gene, which terminated at the poly(A) site of the 5' end LTR instead of at the internal poly(A) site of the RY-1 genome, occurring as a consequence of insertion of proviral DNA into the poly(A) signal-containing exon.
Most of the chimeric RY-1 mRNAs accumulated in TL-Su cells contained intron sequences of the RY-1 genome. Structural analysis of cDNAs suggests that a complex mechanism is involved in this effect of the integrated HTLV-1. One possibility is that some cryptic promoters located in the intron of the RY-1 genome are activated by the insertion of the HTLV-1 enhancer. Most of the cDNAs derived from chimeric mRNA of TL-Su cells, including 2TL15 and 16, initiated in the intron, 700 to 800 bp upstream of exon Y. An absence of the upstream exon X sequence in these mRNAs was confirmed by Northern analysis. Although 5' end start sites for these transcripts have not yet been identified, this presumably indicates the presence of an aberrantly activated promoter in the intron, which results in the mRNAs containing intron sequences at their 5' ends. Another possibility is that incompletely processed RNA is accumulated as a result of altered rates of transport of RNA from the nucleus to the cytoplasm or of degradation of unprocessed RNA. For instance, the intron between exon Y and exon Z remains unspliced in ,~TL16. TL-Su cells contain several copies of HTLV-1 provirus and express large amounts of the viral products. It is possible that, in addition to the inserted proviral DNA elements, one or a combination of the viral products directly affects the accumulation of the intron-containing mRNA. A likely candidate is the trans-acting factor, Rex, encoded by HTLV-1. Rex modulates the processing of HTLV-1 transcripts and results in the accumulation of unprocessed and partially processed RNA encoding the viral structural proteins in the cytoplasm (Inoue et al., 1986; Hanly et al., 1989) . Rex functions through interacting with a particular element of RNA, the Rexresponsive element (RxRE), which is located just upstream of the poly(A) site of HTLV-1 LTR and includes a short sequence at the 3' end of U3 and most of the R segment (Toyoshima et al., 1990; Ballaun et al., 199I) . A very stable stem-loop structure of RxRE is considered to be crucial (Toyoshima et al., 1990) . All the cDNAs derived from chimeric RY-1 RNA of TL-Su cells contained RxRE at their 3' termini. It is likely that Rex plays a crucial role in the accumulation of the introncontaining RY-1 mRNAs as a consequence of the interaction with RxRE.
The physiological function of the normal RY-1 gene product is unknown. However, the amino terminal end of its predicted primary structure is highly arginine-rich and is composed of a long stretch rich in arginine-serine and arginine-glutamic acid dipeptides. This unusual amino acid composition is quite similar to that of the protamines, which bind tightly to nucleic acids (Warrant & Kim, 1978) . Similar structures have been identified in SR proteins (Zahler et aL, 1992 (Zahler et aL, , 1993 and U1 small nuclear ribonucteoprotein particle (snRNP) 70K proteins of human (Theissen et al., 1986) and Drosophila melanogaster (Mancebo et al., 1986) . The other D. melanogaster proteins encoded by suppressor-of-whiteapricot [su(wa) ] Zacher et aL, 1987) , transformer (tra) (Boggs et al., 1987) , and transformer-2 (tra-2) (Amrein et al., 1988; Goralski et al., 1989) loci also contain similar arginine-rich regions. All these gene products with the exception of the protamines have recently been shown to be regulators of RNA splicing. Bingham et al. (1988) have suggested that these unusual arginine-rich regions are indicative of a class of proteins regulating RNA processing. The RY-1 gene product presumably has a capacity to bind nucleic acids and plays an important role in the regulation of gene expression. Elucidation of the function of the RY-1 gene product would be of considerable value.
The biological significance of the accumulated introncontaining RY-1 mRNA in TL-Su cells remains to be elucidated. However, these aberrant mRNAs could affect the expression and/or function of either normal RY-1 protein itself or other gene products by several mechanisms. The aberrant RY-1 mRNAs consist of introns and 3' end untranslated regions (3' UTR) in addition to the coding region for the carboxy terminal portion of the protein. Truncated forms of the RY-1 peptide or aberrant protein products may be initiated from cryptic start sites in the introns or 3' UTR. However, this possibility seems to be low, since neither an in-frame initiation codon nor a long ORF were identified in the sequences of the introns and 3' UTR. The remaining possibility is that these transcripts themselves are involved in certain phenotypic alterations of the cells. The accumulating evidence has suggested the importance of 3' UTR in the regulation of gene expression at both transcriptional and posttranscriptional levels. For instance, a transcriptional silencer element, which suppresses its own promoter, was identified in the 3' UTR offl-actin mRNA (DePonti-Zilli et al., 1988) . The AU-rich elements within the 3' UTR have been shown to be responsible for the lability of several oncogenes and cytokine mRNAs (Gillis & Maker, 1991) . Furthermore, modulation of translation through the binding of protein to the 3' UTR of mRNAs has been implicated as a general cellular regulatory mechanism for many genes (Kwon & Hecht, 1991; Rastinejad & Blau, 1993) . Over-expression of such a regulatory 3' UTR sequence may modulate some aspects of the cellular gene expression. Alternatively, the involvement of intron sequences of mRNA should be considered. For example, the Alu repetitive sequence included in the introns has been implicated in regulation, via both RNA-RNA and RNA-protein interactions, of cellular proliferation and differentiation (Howard & Sakamoto, 1990) . Induction of Alu-containing mRNAs has been demonstrated in terminally differentiating HL60 cells (Davis et al., 1987) , Werner syndrome fibroblasts undergoing premature replicative senescence (Murano et al., 1991) and human immunodeficiency virus-infected T cells (Koga et al., 1988) . The aberrant RY-1 mRNA over-expressed in TL-Su cells also contains a single copy of an inverted Alu element, which might play a role in alterations of growth or phenotypic appearance of TL-Su cells.
Integration of the HTLV-1 provirus into the locus of RY-1 gene seems to be unique to TL-Su cells. However, our findings indicate the biological relevance of the mutagenic effects on cellular genes by the integrated HTLV-1. When HTLV-1 integrates into gene loci that encode products positively or negatively regulating the cell proliferation, the growth characteristics of the infected cell could be affected. Numerous cellular genes are considered to be involved in various aspects of cell growth regulation. It is therefore likely that such an integration occurs with a significant frequency, if HTLV-1 infection integrates its provirus at random sites. The mutagenic effects of HTLV-1 are possibly involved in a subset of monoclonal selection of infected cells in vivo.
